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An  «xp«rlin«nt«I  study  has  bssn  mads  of  the  effect  of  Uie  inter- 
eotlon  of  varying  strength  shock  waves  with  a turbulent  boundaiy  layer  at 
a Maoh  number  of  about  2.9*  It  was  not  possible  to  obtain  two-dimensional 
interactions  with  shook  generators  vihloh  did  not  completely  span  the  tunnel 
or  for  shook  strengths  less  than  a pressure  ratio  of  about  1*5 • Below  on 
incident  shock  pressure  ratio  of  1«7»  the  interaction  is  similar  to  the 
theoretical  Invisold  case*  The  Incident  shock  is  reflected  as  a single 
compression^  no  separation  exists  and  the  pressure  rise  on  the  well  is 

t 

smooth  end  occurs  in  about  two  to  three  boundary  layer  thicknesses*  Above 
on  incident  shock  pressure  ratio  of  1*7»  separation  is  evidenced  by  a 
"buqp"  in  the  well  static  pressure  curves  and  bifurcation  of  the  incident 
shock  wave*  The  reflected  system  now  consists  of  a oompression-expensloiv- 
ocav>resslon  region.  There  is  some  indication  that  ths!  incident  shook  pres- 
sure ratio  for  separation  appears  to  be  Independent  of  Mach  number*  Separa- 
tion occurs  about  two  boundary  layer  thicknesses  from  the  beginning  of  the 
interaction  at  a wall  static  pressure  ratio  of  about  2*  This  phenomena  is 
independent  of  shock  pressure  ratio  over  the  range  tested.  Fbr  high  strength 
shocks,  pressure  ratios  of  the  order  of  3,  increases  in  shock  strength 
ohani;e  the  scale  of  interaction  region  without  changing  its  structure* 

In  this  region  the  various  parte  of  the  interaction  are  sufficiently 
separated  for  individual  detailed  studies.  There  are  considerable  discrep- 
ancies between  the  data  pretumted  herwin  and  those  presented  by  Gadd,  liolder, 
and  lloi’an.  This  may  be  due  in  part  to  tho  wedge  spans  usod  by  theue 
inveutlratore. 


A STUDY  OF  SHOCK  WAVS  TURBULiliJT  iiOUWDAltY  LAYSR 
INTKRACTIOK  AT  K ■ 3 


During  th«  p«at  f«w  ywp»,  tiia  Intaraotlon  of  * stiook  wav«  wiUt 
• boundaigr  lajrar  hat  baan  tha  aubjaot  of  oonaidaraiida  thaoritloal  and 
axparlaantal  Invaatlgatlon.  Tha  larga  davlatlona  froa  tha  thaoratloal 
iaviaeld  raflaetlon  of  a ahook  wava  from  a aolid  wall  art  of  oonaldarabla 
praotleal  Inportanoa  In  auparaonlo  diffbaara,  daflaoiad  oontrol  aurfaoaa 
on  auparaonlo  wingaj  and  othar  applioatlona*  Tha  work  of  LaipmamA  and 
othara*  haa  provldad  a oonaldarabla  body  of  axparlmantal  data  on  tha 
lataraotlon  of  a ahook  wava  with  laminar  lagrara.  Savaral  authora^»^*^*^ 
hava  mada  oonaldarabla  prograsa  with  thaoratloal  atudlaa  of  both  laminar 
and  turbulant  Intaraotiona.  All  of  thaaa  thaorlaai  howavar^  dapand  on 
obtaining  oartain  faotora  from  tha  axparlmantal  raaulta*  Savaral  atudlaa 
of  tha  Intaraotlon  of  ahook  wavaa  with  turbulant  boundary  Ihjrar  hava 
alao  boan  moda.  7«8|9«10  avallabla  la  atlU  Inaufflolant 

to  provlda  a datallad  nodal  of  tha  Intaraotlon  phanomana. 

Aa  part  of  a broad  program  of  raaaaroh  on  vlaooua  affaota  In 
auparsonioa  baing  conduotad  by  tha  Gaa  Dynamloa  laboratory,  Aaronautloal 
Aiginaarlng  Uapurtmant  of  Prlncaton  Univoreity,  an  attampt  la  balng  mada 
to  obtain  data  on  ahock  wava  boundary  luywr  Interactiono  ovar  a veiy  wlda 
range  of  Mach  numbers,  llaynolJa  nurabara,  and  uhock  strangths.  Such  a 
detailed  experimental  analyals  la  required  as  a prollmlnary  to  a complata 
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thdorutlcal  Molutiotj  of  Utlu  coinpllcatod  probleiu.  Tiiu  ruisults  prouontod 
huruin  uro  u part  uf  L'ils  ovur-ull  pr’o,;’rjtiw  ui.d  Uavo  uuua  rotjtxlctod  to 
r»(iulbtx  at  a liaeh  manber  ot  3 Tor  oria  turbulent  bouixdary  layer  with  vary- 
ing Hhook  stront^tii*.  Tho  study  has  oonelated  of  exonlnixxc  t>he  intsraotlon 
problsffl  by  1)  msasurln,;  tha  statlo  preaaurs  distribution  on  the  vralli  2) 
a$kixm  total  haad  survays  throuidt  tha  iniaraotions«  and  3)  using  optical 
taotmiquaa  to  obtain  photographs  of  tha  Agm.  Tttasa  taohniquaa  inoluda 
oonvantional  shadowgraph  and  Sohliaran  taohniquas  and  tha  uaa  of  sobs 
spaoial  color  Sohliaran  taohniquas  dasoribad  aora  fully  latar  in  tho 
raport.  lha  suiln  purpoaa  of  this  sarias  of  taats  was  to  axsalna,  in 
dotaili  tha  struotura  of  tha  intaraotion  ragion  and  how  it  is  affaotad 
by  vaiying  shook  strengths*  Sobs  errors  in  Rafaranoa  9 *ra  also  oorroctad 
horoln*  Ads  work  was  carried  out  under  tha  joint  sponsorship  of  tbs 
Office  of  Naval  aaeearoh,  Naot^tanics  Branchy  and  tha  Office  of  Soientifle 
Researehi  Air  Research  and  Oavalopaant  Cosatand,  U.d.  Air  Fbroa,  Oontraot 
Nuabar  N6-onr-270. 

KXPJB1HB<TA1  »aUIgKI»T  AND  TgOHNlQUIiS 

Tha  exparisMnts  ware  perforaad  in  the  Frinoeton  University 
Pilot  supersonic  tunnel^  at  a Mach  number  of  approximately  2*92.  Tha 
wind  tunnel  is  tha  '^blow-down"  variety  utilising  air  stored  at  3000  psi 
in  tanks  of  a total  capacity  of  170  cubic  fast*  A regulator  between  tha 
tanks  and  tha  tunnel  pamlts  operation  at  any  desired  sta^^ution  praosura 
between  75  pel  and  900  psi;  biit  for  the  testa  herein  reported  it  was  oper- 
ated at  a pressure  level  of  about  100  pel.  Running  times  were  of  the  order 
of  five  minutes  with  a test  ceotlon  2'*  wide  and  2^”  hl^h* 
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A wtdgt,  ipvming  th«  tunnalf  wae  ustd  Tor  a shook  gonsrating 
dovioti  and  tho  boundary  laysr  on  ths  flat  seoblon  ot  tho  bunnal  wall 
was  utllissd  for  ths  msasursasnts.  Ths  statle  prssaurs  on  ths  wall  was 
Mssursd  by  a •O3O"  oriflos  on  ths  tunnsl  osntsrlins*  At  this  station 
ths  undisturbsd  boundary  laysr  thloknsss  was  approxloatsly  *17  inohss. 

Ihs  wall  otutlo  prssaurs  data  prsssntsd  was  taksn  using  ths  singls  oriflos 
as  ths  Intsraotlon  was  pasasd  ovsr  It.  Thus,  srrors  In  using  nuasrous 
statle  prssaurs  holss  wars  sllalnatsd,  and  ths  data  points  oould  bs  spaosd 
as  olossly  as  dsslrsd.  In  sons  oasss,  additional  wall  statle  prssaurs 
erlfless  3/4"  to  ths  front  and  rsar  of  ths  naln  (aforsnsntlonsd)  ons  wort 
ttssd  to  ohsek  ths  Intsraotlon  at  dlffsrsnt  stations  In  ths  tunnel.  Addi- 
tional spanwlss  statle  pressure  orlfless  wars  used  to  ehsek  ths  two- 
dinsnslonallty  of  ths  Intsraotlon.  Thsss  wars  looatsd  3/d"|  1/2*1  5/0"| 
and  3/4”  off  axis,  but  at  ths  sate  station  as  ths  naln  orlfloe. 

SsToral  shook  gsnsrators  (wsdgss)  ware  used,  saoh  held  in  ths 
Area  strean  by  a supporting  frans  driven  by  a nloronstar.  (See  Figures 
1 and  2).  The  nioroswtsr  drive  permitted  olosely  oontroUsd  aovssMnt  of 
the  wedge  In  the  tunnel.  Three  variable  angle  wedges  wars  used  oovsrlng 
nominal  dsflsotlon  angles  of  0^  to  7®,  6^  to  120,  and  9®  to  15®.  laoh 
of  thsss  spamsd  ths  tunnsl  to  wltliin  .OlO"  of  ths  side  walls.  To  ohsok 
ths  off  sot  of  «id  gap,  two  10®  (fixed  nominal  angle)  shook  produoing  wsdgss 
wars  employed  whloh  differed  In  width,  the  nairowsr  one  being  1 1/4”  wide 
and  ths  other  nearly  2**  wide  (a  full  span  wedge).  Wedi'ss  wars  provided 
with  a statle  pressure  oriflos  drilled  on  osntsrlins  1/2”  from  ths  leading 
sdg6.  In  addition,  ths  medium  angle  wedge  (6®  to  12^)  and  ths  full  span 
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10^  flxtd  4ngl«  wadi't  had  a sluilar  orlflco  located  1"  froia  the  loading 
edge*  The  pressure  ratio  of  the  generatod  shock  was  deterulnsd  by  using 
this  static  pressure  rather  than  the  geometrical  wedge  anji^le^  Urns  taking 
Into  account  any  effect  of  the  boundary  layer  on  the  wedge, inaccuracies 
in  setting,  and  Irregularities  In  ttie  turmel  flows. 

Total  pressure  surreys  wore  made  parallel  and  normal  to  the 
tunnel  wall  msploylng  a total  head  tube  constructed  of  .065"  O.D.  steel 
tubing  flattened  at  the  end  and  honed  on  Uie  bottom  surface  to  allow  a 
olose  approach  to  the  wall.  T^te  orifice  was  .004"  hlg^  by  .060"  wide 
and  the  bottom  surface  was  .002**  thick.  Thus,  readings  to  within  .004^ 
of  tho  surface  were  obtainable.  , The  total  head  probe  was  set  in  an 
insulated  mount  so  an  electrical  contact  could  determine  whan  the  total 
bead  tube  just  touching  the  surface.  The  sdcrcmeter  driro  on  idilob 
tho  probe  was  mounted  permitted  displacements  perpendicular  to  the  wall 
aoourate  to  within  .OOl".  for  every  survey  the  "just  touching"  position 
was  established  with  the  tunnel  running  since  pre-setting  of  the  probe 
sdght  be  erroneous  due  to  defleotion  of  the  probe  during  the  run  or  the 
start. 

All  static  pressures  were  measured  with  differential  pressure 
gages}  calibrated  and  accurate  to  within  .5  inches  of  water.  In  some 
instances  two  such  gages  were  connected  In  series  to  enable  readings  over 
wider  pressure  ranges.  Since  the  stable  ^.raosures  encountered  were  the 
order  of  100  inches  of  water,  the  accuracy  Is  within  1^.  All  total  pres- 
sure measurefflents  were  made  witii  absolute  prrusUre  gages,  calibrated  and 
aoourate  to  within  .2  inches  of  Mercury,  with  a resiilting  accuracy  of  14 
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for  tho  prtasuroi  Boasurod.  Stafnatlon  praaauro  wus  moaouro  with  a hlfh 
prtoialon  bourdon  ^ago  alao  aoeuraia  to  within  !>• 

Diffioultjr  waa  onoountarad  atartlng  tha  tvmnal  with  tho  wodgo 
aot  at  high  anglaa.  Thia  waa  oireuBvantad  byi  1)  atarting  with  tho  wodgo 
iot  at  a rolativaly  low  angla  and  adjuating  to  tha  daairod  How  doflootloa 
anglo  with  tho  tunnal  running  and|  2)  eut-outa  in  the  downatroan  and  of 
tho  noaalo  blooka  to  raliova  bloekago  oauaad  by  tho  wodgo  anglo  ohanging 
■oehanioB*  Tho  atop  (out-out)  on  tho  botton  wall  waa  aoworal  Inohoa 
downatraan  firoai  tho  wall  atatio  proaauro  orlfieo*  It  waa  uaod  alao  to 
ohook  tho  offoot  of  a downatroaB  diaturbanoo  (oxpanaion)  on  tho  intoraotlon* 
(Soo  aootion  Chooka  Validity  ^ ) 

Optical  toohniquoa,  aupploBontlng  tho  proaauro  Boaauraaiantai 

wore  uaod  to  atudy  tho  phonoaona.  Iho  oonvontional  akowod  bl*parabolie 

Birror  Sohlioron  ayat«a  waa  uaod  and  adapted  for  ahadowgrapb  pioturoa  aa 
Will*  Ibuai  Sohlioron  pioturoa,  both  horlaontal  and  vortioal  out  off, 

aa  wall  ao  ahodowgraph  pioturoa,  wore  taken  for  oaoh  oonditlon*  lha 
light  aouroo  waa  a high  proaauro  apark  roaulting  in  oxpoauroa  of  tho 
order  of  a Bloroaooond*  In  addition,  Sohlioron  photographa  wore  alao 
taken  in  color*  Baaloally,  tho  oyatan  oonaiatod  of  Inaortlng  a priaai  in 
tho  light  path  after  tho  aouroo  which  offootivaly  ohangoo  tho  point  aouroo 
to  a apootral  lino.  Tho  knife  edge  at  tho  aooond  fooal  point  ia  than 
roplaoad  by  a alit  whioh  can  bo  adjuatad  to  pamit  any  of  tho  apootral 
oolora  for  tha  baaa  (no  flow)  condition*  In  auott  a ayat«a,  raglono  with 
tha  aana  danaity  gradient  will  exl^iibit  tha  uwna  oolor,^oontraatlng  to  tho 
oonvantlonal  blaok  and  white  ayotam  in  which  suoh  raglona  would  be  of  tho 
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■*tt«  gray  acala*  Colorad  ^oldieren  photo^iraphia  ara  not  novr,  UJt  tha 
taohnlquas  uaad  hara  (daaorlbad  in  datail  in  Ai^pandix  A and  Q)  parmittad 
axoallant  raaolutlon  with  a mioroaaoond  axpoaura*  Tha  oomblnation  of 
ooloi*  and  tha  ahort  axpoaura  tlna  parmlttad  an  analyala  of  tha  atruotura 
of  tha  Intaraotion  ragion  not  haraiofor  pouaibla  by  opiloal.naana* 
KOKPIOUTURit 

X dlatanoa  along  tumal  wall,  Inohas 

7 dlatanoa  nomal  to  tunnal  wall,  Inehaa 

P atatlo  praaaura  aiaaaurad  on  tunnal  wall 

Pq  ohanbar  praaaura 

P|^  atatlo  praaaura  ahaad  of  Intaraotion 

P2  atatlo  praaaura  bahind  ganaratad  ahook  (aa  xaaaurad  on  ahook 

ganarator) 

P3  atatlo  praaaura  aftar  intaraotion 

N Kaeh  nuahar 

9 nonlnal  wadga  angla  (flow  daflaotlon  angla,  dagraaa) 

^ boundary  layar  thloloiaaa,  inohaa 

CHacKS  SK  sihi  vAi.iDm  data 

A atudy  of  tha  raaulta  a^Uabla  on  ahook  wava  boundary  layar 
intaraotlona  ahowad  that  aany  invaatigationa  had  baan  nada  ualng  abode 
ganaratora  which  did  not  fully  apan  tha  tunnal.  Ihla  waa  uaually  dona 
to  obtain  Sotillaran  and  atiadow  photogra|>ha  whioh  wara  aharpar  than  tboaa 
obtalnad  with  a wider  wod/;e  whoaa  ahook  wava  intaraetad  with  tha  alda 
wall  boundary  layers*  No  data  was  available,  however,  to  datennlna  tha 
effi-^ta  of  theae  side  w<ill  gaps  widch.  In  modt  cases,  were  of  tha  order 
of  a boundary  layer  thickness*  Prellininary  studios^  of  tha  shook  wava 
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boundary  layar  inttractlon  wer«  first  carrlod  out  using  nominal  10®  wadgaii 
of  li"  and  full  2'i  span*  Fl^pira  3 prasenta  tha  wall  static  prassura 
variation  on  oantarlina  using  tha  **narrow”  wadga  In  Juxtaposition  with 
a akatoh  of  tha  intaraotion.  It  oan  ba  aaan  hara  tliat  tha  prassura 
paaki  and  than  falla  to  a value  after  tha  intaraotion  which  ia  muoh  laaa 
than  tha  thaoratioal  value.  The  overall  prassura  rise  as  measured  is 
about  2.5|WharaaSf  tlta  thaoratioal  rise  (based  on  tha  static  prassura 
as  measured  by  tha  orifioa  on  tha  wedge)  should  bs  about  3.d*  The  span- 
wise  statio  prassura  orifioas  in  tha  tunnel  ware  used  to  ohaok  tha  two- 
dimensionality  of  tha  flow.  Tha  results  shown  in  Figure  4 exhibit  a 
ooQsidarahla  deviation  from  two-disMnsional  flow  and  indicate  a relieving 
affaet  due  to  tha  prasanoa  of  spanwisa  flows.  Tha  tests  ware  rapamtadf 
using  tha  full  span  wedge  (i.a.,  olaaranoa  to  within  .01")  and  resulted 
ia  tha  statio  pressure  distribution  shown  in  Figure  5.  Tha  final  prassura 
is  quits  olosa  to  the  thaoratioal  value  and  tha  prassura  distribution  is 
of  a oonsidarably  different  shape  than  that  obtained  for  tha  narrow  wedge. 
Tha  spanwisa  prassura  survays.  Figure  6»  show  that  two-dimensional  flew 
has  basn  aohiavad.  All  subsaquant  tests  herein  reported  ware,  tharaforef 
made  with  full,  span  wadgas  and  tha  results  ware  ohaokad  fbr  two-dlmansion- 
ality. 

Studies  of  weak  shook  Interactions  (flow  daflaotion  from  to 
6®)  resulted  in  wall  static  prassura  distributions  along  oantarlina  whioh 
exhibited  a definite  peak,  'niara  wus  no  constant  prsHSura  rsgion  after 
tha  interaction!  similar  to  tha  distribution  shown  in  Figure  3 for  a lO^ 
shook  using  a narrow  wedge.  Checks  for  two-dimens ionality,  using  tha 
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■p«nwi»«  orifleat,  indloatad  croas-flowB  piling'  up  on  on*  sldo  ot  iho  iunnol 
or  tho  othor*  Thla  paitom  diffors  from  Uio  non»two-dlm«nolon«l  flow  foxind 
utin{{  tho  narrow  wodgo  In  viiioh  tho  opanwluo  diatrlbutlon  of  proosuroa 
tondod  to  bo  sygnotrioal  about  tho  oontorllno.  Furthor  attonpto  to  nako 
tho  flow  twoHllaonolonali  ouoh  as  oonplotoly  aoallni;  tho  omall  ond  gapo 
of  tho  ohook  £onorator«  did  not  yiold  aatlafaotoiy  roaulto*  Xt  appoaro 
aa  if  tho  offoota  of  tunnol  diaturbanoo  auoh  aa  intoraotion  of  tho 
boundary  layor  on  tho  walla  and  flooro  of  tho  tunnol^  and  intoraotion  of 
tho  ahoak  with  tho  eldo  wall  layoro,  aro  of  tho  aaiao  ordor  of  nagnitudo 
aa  tho  diaturbanoo  oauaod  by  tho  atudiod  intoraotion.  Thia  would,  in  tho 
whola,  probably  dopond  on  tho  oxaet  oxporLuont  aot^p  and  would  vary  trom 
tunnal  to  tunnol.  Thoao  phononma  In  tho  ahook  wavo  boundary  layar 
iataraotioo  havo  not  boon  notod  by  provioua  invoatiiatora  duo  to  tho 
abaanoo  of  a atringont  toot  for  two-dlnonalonality  and  tho  roaulta  ob» 
tainod  aro  opon  to  aouo  quootton  in  Xitfit  of  tho  poaaiblo  oxiatonoo  of 
auoh  eroaa  flowa.  Tho  abovo  roaulta  roatriotod  tho  otudy  roportod  horaln 
to  ahook  atrangtha  abovo  6®  whoro  two-dlnonaional  flowa  oould  bo  obtalnod* 
Ifixaailnation  of  a typical  otrong  intoraotion  ( for  oxaaqplo, 

Flguro  5)  introduood  anothor  doubt  aa  to  tho  validity  of  tho  data.  Tho 
proaauro  riao  now  aproodo  ovor  a oonaidorablo  diataneo,  and  tho  proxlnity 
of  tho  intoraotion  rogion  to  tho  oxpanaion  fan  fron  tho  roar  oomor  of 
tho  indgo  pronptod  an  invoatigation  to  doiomino  tho  of  foot  of  auoh  a down- 
stream dioturbonco.  A atop  cut  in  tho  tunnol  wall  was  utiliaod  for  thia 
atudy.  Uohlioron  photO(;rapha  woio  takon  aa  tho  intoraotion  was  novod 
downatroan  over  tho  atop.  In  all  casuoi  tho  atop  diaturbanoo  had  to  bo 


looftttd  at  least  two  boundary  layer  tliloknousea  ahoad  of  tha  lupincanant 
point  of  tha  axpanalon  fan  before  an  affect  was  fait*  All  high  angle 
data  was  ohaoKad  by  tha  aforauantlcned  meUu>d  and  alth-sughf  for  angles 
11^  through  15^«  tha  expansion  fan  Intersaotad  Uia  boundary  layer . 
before  tha  full  pressure  rise  was  raalisadf  tha  position  ,|0f  its  ijsplnga- 
■ant  was  always  after  ttt»  station  where  the  step  first  produced  a notice- 
able change*  Since  the  flow  over  such  a step  results  in  a pressure 
gradient  far  stronger  than  that  encountered  in  the  expansion  trom  the 
wedgOi  its  offset  stiould  be  greater^  and  hence  it  is  felt  that  the  expan- 
sion fan  has  little  effect  upetreaa  of  its  intersection  point* 

The  steadiness  of  the  flow  was  olteoked  by  taking  high  speed 
Sehlieren  siption  pictures  with  a '•yaatax'*  caaera  operating  at  6000  fraass 
per  second*  An  exaadnution  of  these  photographs  showed  very  slight  osciU*- 
tions  of  the  first  reflected  shock  wliich  appeared  to  be  of  the  order  of 
less  than  lAO  of  the  boundary  layer  thickness,  i.e*,  less  than  0*02  inches* 
The  rest  of  the  phenonena  appears  eonpletely  steady*  Since  the  pressure 
iwasurenents  essentially  represmt  "long  tine  averages''  these  slight  oscilla- 
tions of  the  first  refleoted  shook  wave  do  not  appear  in  the  results*  This 
exanlnation  was  oaiTied  out  only  for  a n<«dnal  shook  strength  of  13^* 
maULTS  AND  Discuasiow 

wall  static  Pressure  Distribution  and  Optical  Studies 

The  wall  statio  pressure  distributions  through  the  interactions 
of  varying  strength  shook  waves  with  a turbulent  boundary  layer  are  shown 
in  Fii^rures  7 through  15*  In  Figure  16,  the  curves  for  all  the  interactions 
are  superi  .posed  usin^  the  same  aero  point.  Tnis  zero  point  was  picked 
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froD  Sohll«r«n  and  ahadow  photographs  as  ths  point  ot  implngtinsnt  of  tha 
axparlaantal  inoidant  shook  with  tha  wall  it  no  boundary  Isyar  wars 
praaant.  For  tha  high  anglas^  (6  • 11^  through  15^)  tha  vartioal  llna 
at  tha  top  of  tha  praasura  ourva  Indloatas  tha  position  at  lAiloh  tha 
axpanslon  fan  teom  tha  raar  of  tha^  wadga  atrlkaa  tha  boundary  layar* 

Zn  Flg^ra  tha  eorraspendlng  tiolillaran  and  ahadow  photographa  ara 
praaantad*  A eos^parahla  oolor  Sehllaran  photograph  is  ahoun  in  Figurt 
19. 

fbr  aaaa  of  Idantifieatlon*  taats  ara  daaignatad  by  tha  noainal 
shook  daflaotlon  angla«  #.  A nora  truly  rapraaantatira  quantity  ia  tha 
pMaaura  ratio  across  tha  Inoidant  siMok  which  waa  naaaurad  diraotly  by 
tha  atatio  praasura  orlfloa  on  tha  wadga.  Tha  aotual  shook  praaaura 
ratiaa  ara  tabulatad  balow* 


6 

**2/Fi 

7® 

1.60 

l.W 

9® 

1.70 

l(f 

1.90 

11® 

z.rr 

12® 

2.37 

13® 

2.51 

14® 

2.90 

15® 

3.10 
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Fbr  shook  strsniiths  throu^;h  10°,  th«  prouturs  ratios  noted  art  constant 
within  2iii  tor  ths  entire  interaction.  For  atrcniier  utren^h  shooks, 
inoroMOd  aoveiaent  of  the  wedi;e  was  necessary  to  survey  the  spread  out 
iateraetlon  region.  Due  to  axial  variatiun  of  Mach  number  in  the  tunnel^ 
the  aeouraay  of  the  pressure  ratio  deoreased  and  for  Ute  highest  angle 
(15^) « was  only  10Ji»  Fortunately,  for  strong  shocks,  these  variationa 
had  little  effect  on  the  wall  presaure  distributions. 

An  examination  of  the  pressure  curves  reveals  that,  for  weak 
•hooks  ( t^7°),  the  statle  pressure  rise  is  smooth  and  rapid  and  the 
entire  phenomena  occurs  within  two  to  three  boundary  layer  thicknesses. 

A study  of  the  photographs  shows  that  the  incident  shook  penetrates  deep 
into  the  boundary  layer  frcMs  whence  the  reflected  eempressien  wave 
originates.  As  expected,  the  boundary  layer  is  thinner  after  ths  inter* 
action  than  before,  the  phenosteaa,  with  the  exception  of  the  bonding  of 
the  shocks  in  the  boundary  layer,  ie  quite  analogous  to  the  theoretioal 
reflection  of  a shook  from  a solid  well. 

As  the  shock  strength  Is  increased  to  6 the  interaetion 
is  spread  to  four  or  five  boundary  layer  thleknesses.  From  the  pressure 
curves  one  ean  first  eiqperlaentally  verily  the  presence  of  a sbump"  or 
inflection  point  at  (incident  shook  pressure  ratio  of«wi.7$). 

Ihe  initial  slope  is  still  very  steep,  the  infleotion  region  accounts  for 

0 

the  increased  lengtli  of  the  interaction.  From  the  photographs,  at  these 
angles,  one  first  sees  the  '’bifurcated  foot"  of  the  interaction.  The 
reflected  wave  and  the  incident  wavs  cross  within  tiie  boundary  ii^er, 
exhibiting  ' ropagtttion  forward  of  Uie  interaction.  The  incident  wave 
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rtflMtt  M froa  A fr«t  Jtt  (oonaUnt  prtifurt  boundary)  oaufing  an 
•xpanalon  raglon  whloh  tumi  th«  flow  back  toward!  tha  wall*  This  la 
followid  by  a roglon  of  alow  oonpraaalon*  Thara  la  a dark  raglon  at  tha 
foot  of  tha  tntaraetion  Indloating  aaparation*  Color  Sohliaran  photographa 
ahoir  olaarly  tha  ohanga  of  tha  phanoaana  from  a alngla  raflaotad  oompraaaloa 
for  tha  waak  ahook  Intaraotlon  to  tha  ooapraaalon-axpanalon-ooapraaalon 
raglon  for  tha  atrongar  Intaraotlon*  8uoh  photographa  aXao  ahow  tha  vary 
waak  normal  danalty  gradlanta  in  tha  aaall  raglon  balew  tha  Intaraotlon* 

Tha  bouadaiy  layar  la  atlU  thlnnar  aftar  tha  Intaraotlon*  Por  thaaa 
ahook  atrangtha«  tha  phanoaana  haa  ohangad  oonaldarataly  from  tha  thaora- 
tleal  non-vlaaoua  nodal* 

Ihrthar  Inoraaaa  In  ahook  atrangtb  to  • a*UO^  apraada  tha  lntar« 
aotlon  atlU  fturthar  to  aavan  or  alght  boundary  layar  thloknaaaaa*  lha 
bump  la  tha  praaaura  ourva  la  amra  pronounead  and  tha  Intaraaatlon  of 
tha  Inoldant  and  raflaotad  ahooka  oooura  at  tha  adga  of  tha  boundary 
layar*  ttia  aiqpanalon  fan  aftar  tha  flrat  raflaotad  ahook  and  tha  raglan 
of  alow  oonpraaalon  ara  apraad  a oonaldarahla  dlatanoa  downatraam*  Tha 
dark  raglon  balow  tha  Intaraotlm  la  qulta  pronounead  and  eolor  flohliaron 
photographa  Indloata  a aaro  vartloal  gradlant  In  thla  raglon^  l*a», 
aaparatad  flow,  whloh  will  ba  ahown  oonolualvaly  latar.  Through  thla 
Intaraotlon  tha  loaaaa  have  Inoraaaad  auoh  that  tha  boundary  layar  thlok- 
naaa  downatraam  la  about  aqual  to  that  bafora  tha  Intaraotlon  In  aplta  of 
tha  highly  inoraaaad  praaaura  laval.  Fbr  atrong  ahooka  ( 0/vl3®},  tha 
intaraotlon  la  apraad  to  twalva  or  mora  boundary  layar  thloknaaaaat  tha 
'’bump",  now  quiba  pronounoad,  oompriaaa  half  of  tha  intaraotlon*  Tha 
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rtn«ot«d  oomprasflon  now  axttndf  a oonaldarabla  dlatanc*  out  of  tho 
boundaiy  laytr  btfort  it  Intoraoots  with  tho  inoidont  shook  and  tha  haisht 
of  tha  intaraotion  ia  two  or  mora  boundary  layar  thioknaaaaa*  Ittara  is  a 
larga  saparatad  ragion  at  tha  foot  of  tha  intaraotion. 

Ta  datamlna  tha  point  of  saparation  and  tha  axtant  of  tha 
oapaaratad  ragioni  total  haad  survaya  wara  nada  lass  than  l/lO  of  a 
boundaij  lajar  thieknaas  fron  tha  wall  (y  ■ .Olt”).  Using  tha  wall 
atatlo  praasura  distribution  and  tha  oonvantlonal  pitot-statlo  ralatloo- 
ohipf  tha  Maoh  nunbar  distribution  along  tha  wall  was  obtalnad.  Ibr 
6 A#  9^,  saparation  was  not  dataotad.  Although*  tha  "buaip*  in  tha  praa« 
sura  ourva  for  6 9^  Indloatad  aaparatloni  tha  ragion  is  probably  too 

saall  to  piak  up  by  this  oruda  mathod.  Tha  distributions  fbr  Aoofc 
strangths  of  10^*  12^  and  14^  (llguras  20,  2X,  and  22)  show  a daflnita 
saparatad  ragion*  Tha  praasura  ratio  for  saparation  (atatia  praasura  at 
saparatloV  >tatio  praasura  bafora  intaraotion)  in  all  thraa  oaaas  is  about 
2*0.  This  point  oorraapends*  on  tha  prasaura  ourva*  to  tha  baginning  of 
tha^bunp**  in  uhioh  tha  staop  initial  slops  givas  way  to  a auoh  raduoad 
sl'^pa  in  tha  saparatad  ragion*  As  tha  shook  strangth  is  inoraasad*  tha 
saparatad  ragion  grows  rapidly}  for  tha  10<>  oasa  its  langth  is  of  tha  ordar 
of  a boundary  layar  thioknass*  for  a 12*^  shook  tho  ordar  of  thraa  boundary 
layer  thlokneasas*  for  tha  14®  shock  its  axtant  is  roughly  savan  boundary 
layar  thioknasaaa* 

Tha  aforamantloriad  raaulta  chaoklng  tha  affaot  of  a downstraan 
disturbance  lad  to  tha  finding  of  a "throat"  in  tha  interaction  after 
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whloh  no  •xpansivo  dioturbanc,*  had  an  offoet  on  tho  upstronm  ro^^lon  of 
tho  Intoraotlon*  This  'throat*'  olossly  follows  ths  point  of  rsattachmsnt 
of  ths  ssparatsd  flow*  For  ths  10^  oiwl  12^  oassy  ths  "throat"  is  of  ths 
ordsr  of  ons  boundary  laysr  thleknsss  bshlnd  ths  routtuehment  pointy  and 
for  ths  14^  oass  svsn  olossr*  Ths  oloosnoss  of  ths  "throat"  and  ths 
rsattaohsisnt  point  indleatss  vsiy  higjti  oixind  ratss  in  this  rsgion. 

Ths  proximity  of  ths  "throat"  and  ths  usparatsd  rttf*, ion  also  sxplains  ths 
•ttddsn  sollapss  of  ths  intsraotlon  for  strong  shooko  ones  ths  stsp  prsoodsd 
ths  throat*  In  flgurs  17y  ths  strong  idtook  oass  of  6 15^  was  ploksd 

to  SKsmplify  this  suddsn  ooUapss*  For  wsaksr  otrsngth  shook  ths  ooUapos 
of  ths  intsraotlon  was  not  so  suddsn  and  ths  throat  was  not  so  olsarly 
dsfinsd* 

Ihtsraotlon  Modsls 

Nodslo  of  ths  Intsraotlon  phsnosMna  with  varying  otrsngth 
inoidsnt  Shooks  ars  shown  in  Fleurs  23*  Thsos  ars  bassd  on  ths  oohbinsd 
loMwlsdgs  obtalnsd  from  ths  wall  statio  prsssurs  distributlony  Uis  Sehlisrsn 
and  shadow  photographsy  and  ths  total  hsad  survsy  along  ths  wall. 

Ths  intsraotlon  oaa  bs  dlvidsd  into  thrss  b>isio  rsglmsst  1)  A 
wsak  inoidsnt  shook  rsgimsy  shook  strsn^iths  bslow  9^7^  (prsssurs  ratio 
Isss  than  approxisuitsly  1*70)  vdisrs  ths  phsnonsna  is  quits  slsiilar  to  ths 
thsorstioal  invisoid  oass*  Hors  an  analysis  llks  LlghthiU^*^  sssns  quits 
applioabls.  Ths  intsraotion  rsgion  is  of  ths  ordsr  of  two  to  thrss  bound- 
aiy  laysr  thioknsuses  and  no  soi>aratioi)  ooours,  2)  A inodorats  Inoidsnt 
shook  rogims,  shook  slrsneths  9 ^ 12<>  (pressure  ratios  between  1*73 
and  2*30)  charaoterised  by  a snail  separated  racion  and  the  interaction 
of  Utd  Inoideht  and  reflected  shock  within  the  bounJnry  layer.  Theoretical 
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Aiudytls  of  this  regime  teoiiit  to  be  quite  difficult  beceuee  of  the  very 
etron^’  norael  gredlenta  within  the  bouni'iry  layer  and  the  email  elie  of 
the  separated  region*  3)  A atron/j  incident  shook  regimoi  shook  strengths 
above  6 ■ 12*’  (pressure  ratios  above  approxlaately  2*3)  where  the  pheno- 
mena has  spread  out  to  more  than  ten  boundary  layer  thloknesses  and  there 
le  an  appreolable  separated  region* 

A more  detailed  model  for  the  14^  shook  Intermotlon  was  obtained 
in  an  attesq;»t  to  shed  some  additional  light  on  the  meohaniams  involved 
for  the  strong  shook  interaotion  with  a turbulent  boundary  layer*  Additional 
total  head  eurveys  were  made  at  various  distanoes  from  the  wall  and  the 
Maoh  number  distribution  throu^ut  the  interaotion  was  oomputed  on  the 
basis  of  oonstant  pressure  noiaal  to  the  wall*  These  oomputatlono  are 
good  only  near  the  wall  and  in  the  "bifuroated**  region  where  the  color 
Schlieren  piotures  chow  little  or  no  normal  density  gradient  • Xn  Figure 
24  ie  presented  a sohematio  drawing  of  the  interaotion  for  the  14^  ease 
together  with  the  Maoh  nuisber  oontours  in  the  subsonio  region*  The  mami-> 
mum  height  of  the  subsonio  a»id  separated  regions  ooour  where  the  inoldent 
ehooks  reflects  as  from  a free  Jet*  At  this  station  the  subsonio  region 
Is  thloker  than  the  boundary  layer  before  the  Interaotion  and  the  height 
of  the  separated  region  is  of  the  order  of  1/3  the  boundary  layer  thiok- 
ness.  For  this  strong  shook  case,  the  interaotion  can  be  divided  into 
four  basio  regions  for  analysis i 

(1)  The  be/(lnning  of  the  Interaction,  a strong  compression 
region  decelerating  the  flow  rapidly  and  resulting  in  a doubling  of  the 
pressure  within  a distance  of  approxi/itately  two  boundary  layer  thicknesses* 
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Tli«  flow  hao  not  y«t  teparated^  nixing!  probably  plays  a minor  i«l«i  and 
thus  this  phsnomsna  will  probably  not  be  eueeptible  to  the  methods  of 
Rsfsrsnos  6. 

(2)  The  Sturt  of  the  separated  re^jion  and  its  growth  to  oaxi- 
Biai  thiokness  defines  the  next  region  in  which  mixing  probabljr  predosdnates* 
Itae  positive  but  sliallow  slope  of  the  wall  static  pressure  curve  indicated 
that  the  nixing  rate  is  Increasing  over  this  portion* 

(3)  The  decrease  of  the  separated  and  subsonic  region  to  the 
rosttaohnent  of  the  boundary  layer  occurs  in  a region  of  relatively  strong 
adverse  pressure  gradient*  Its  slope*  as  obtained  from  the  wall  pressure 
eurvo*  is  roughly  four  times  that  of  region  (2)  although  only  one  half 

as  steep  as  that  experienoed  in  region  (1)*  gvidently  the  oonoavity  of 
the  flow  field,  the  associated  centrifugal  force,  and  most  probably,  a 
greatly  inoreased  mixing  rate  caused  by  the  shook  interact.'*^  aooounts 
for  this  gradient* 

<4)  fbllowing  the  reattaohment  of  the  boundary  layer  is  a 
region  of  slow  oompresslon  in  idiioh  the  pressure  would  approach  asyirtotioally 
the  theoretical  overall  pressure  rise  if  allowed  to  extend  far  enough 
downstream*  Were  the  geometry  of  the  experiment  large  enough*  one  would 
expect  the  first  reflected  shock*  the  following  e3q)ansion,  and  the  region 

I 

of  alow  compression  to  coalesce  to  fonu  the  single  theoretioal  refleoted 
shook  as  predicted  from  Inviseid  tlisory. 

Regions  2,3*  and  k seem  to  be  quite  clearly  dominated  by  the 
mixing  phsnomsna  and  should  bo  predictable  by  an  analysis  such  as 
Croooo-L(iss,  Tlis  offocts  of  si^iocka  and  strong  adverse  gradients  on 
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■Ixing  r«ttf  *a  ytt,  quit*  unpradlctabl*  and  will  have  to  bo  atudiod 
In  tho  varloui  rogloni. 

Corrootod  Boundary  tor  gr?fUM 

Xn  riguro  25  aro  proaoi^tod  Uio  Maoh  nuiabor  proflloa  at  yarloua 
atatlona  through  Uia  10^  intoraotlon.  Tho  data  utlliaod  for  thoso  pro* 
fUoa  woro  tho  oaiao  as  proaontod  in  Roforonoo  9*  It  was  found  that  an 
orror  had  boon  aado  In  tho  provioua  ooaputatlona*  Tho  prosont  oooiwitatlono 
aro  baood  upon  tho  noaourod  wall  otatlo  prooouro  aaounlng  oonatant  otatio 
prooouro  nomal  to  tho  wall*  Tho  Naoh  nuubor  distribution  shown  aro« 
thoroforoi  not  eorroot  noar  tho  odgo  of  tlto  boundarj  la/or  whoro  tho 
prooonoo  of  ahooka  and  strong  noraal  prossuro  gradionta  invalidato  tho 
ooavutation*  Fron  tho  profUo  at  otation  x - -»7>  tho  boundary  loyor  ahoad 
of  tho  intoraotlon  was  found  to  bo  fully  turbulont  in  naturo^  ita  thiohnoaa 
bolng  approxlMtoly  *17  inohos,  tho  dlaplaosnont  thioknoaa  *049  inohooi 
and  tho  noBMntusi  thioknoso  *009*  Tho  profiloo  now  oxhibit  a aoparatod 
roglon  noar  tho  aoro  atation  substantiating  tho  rooulto  found  tnm  tho 
total  hoad  ourvoy  along  tho  wall*  In  tho  roglon  of  alow  eonprooaion  bohind 
tho  intoraotlon,  (otationo  x a *4  to  41.6)  tho  profiloo  aro  typioaX  of 
thoao  in  an  advoroo  proaouro  gradiont  and,  although  tho  wall  prooouro  haa 
roaohod  ita  naxisstii  and  ia  osaontially  constant  frost  x ■ 4.6  to  1.6,  tho 
profiloo  havo  not  yot  fiUod  out  to  tho  normal  turbulont  ah^*  Thia  aosaw 
to  indieato  that,  onoo  roattaohmont  ooours,  tho  mixing  ratos  aro  roughly 
those  oxporionood  for  normal  turbulont  boundary  Isyoro. 


V 
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SIMAh  DlSmM 

A tiuamAry  of  tho  wall  atatlc  prosc*urt  dlotributlona  aro  shown 
In  Fl£uro  26*  AlUiou«/>t  tho  tioparatlon  data  (Fijsurot  20-22)  shows  an 
Indopondonoo  of  shook  strongth«  tho  slopo  of  tho  fort  part  of  tho  intor- 
aetlon  continually  dooroasoo  from  tho  unooparatod  easo  up  to  a shook 
otrongth  of  • ^ 13^  (prossuro  ratio  of  <v2»6).  Although  data  at  higher 
shook  otrongths  la  not  oonoluslvo,  tlM  slops  appears  to  bo  approaohlng  a 
oonstant  valuo.  Tho  alopo  of  tho  Inoroasing  soparatod  region  approaohoi 
a oonatant  raluo  for  high  shook  strongUis  artd  tlito  roattaohnont  phonoaona 
aooM  to  bo  relatively  ksonoltlvo  to  shook  strength*  Those  results  lend 
SOM  weight  to  tho  Idea  of  tho  throe  roglAos  previously  dssorlbod* 

It  has  boon  previously  pointed  out  tho  tho  ''buap''  la  tho  pressure 
curve  and  blfhroation  of  the  foot  wore  ovldenood  otily  for  Insldsnt  shook 
strengths  of  • > (prossuro  ratio  above  l*7)t  fhgs  and  Sargant^  la 
thsir  tests  at  Naoh  nuabors  of  1*2  to  1*6  found  that  blfhroatlon  of  noraal 
and  oblique  shocks  always  occurred  when  tho  Incident  shook  pressure  ratios 
wars  greater  than  1*63*  An  oxasdnatlon  of  tho  results  of  Bardsloy  k Nalr^ 
show  a sljailar  result  at  a Maoh  nuubor  of  about  2*  It  therefore  appears 
that  tho  bealnnlas  of  tho  blfUroatlon  (forward  propagation  of  tho  Intor- 
aotlon  by  separation)  Is  not  a strong  function  of  Maoh  tmlaw,  Indicating 
that  tho  suporsonlo  portion  of  tho  boundary  layer  Is  not  playing  a olgnl- 
floant  part  In  tho  phenomena.  Tho  effect  of  thloknoss  of  tho  subsonlo 
region  oart  also  bo  oll;alnatod  slnoo  the  relative  extent  of  tho  ouboonio 
region  varies  considerably  over  the  range  of  Maoh  numbers  examined,  1*2 
to  3.0. 
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'nitt  Bfruci  of  incident  ehook  prenaure  ratio  on  tho  lenf^th  of 
th«  interaction  and  ueparat  jd  ro.  ;iona  ia  ouiumaxlsied  in  Pit^ro  27*  Itieae 
reaulta  were  compared  to  those  of  Oadd|  Kolder^  and  Refian^^  and  show 
dlaturblng  dlaorepanoies.  The  Influence  re^ion«  defined  as  the  dlstanoe 
from  the  sero  point  to  the  start  of  the  interaction  expressed  in  nondiaen- 
slonal  unltSf  was  found  to  be  only  half  that  of  Reference  9*  In  addition^ 
the  ehape  of  the  curve  was  considerably  different^  approaching  scsm 
constant  value  rather  than  increasing  precipitously.  Reference  9 prediots 
a wall  static  pressure  ratio  of  approximately  2,4  at  separation  and  ia 
oheoked  by  their  experiments.  The  results  reported  herein  give  a value 
of  2,0,  The  discrepancies  are  far  outside  the  experimental  accuracy  but 
nay  be  explainable  by  the  fact  that  full  span  shock  generators  were 
used  in  the  work  of  Reference  9* 

QOMCmSIOKS 

Ihe  reaulta  of  the  present  Investigation  may  be  summarised  as 

foUowat 

1,  It  Is  quite  important  that  all  experiioents  on  shook  wave 

boundary  layer  Interactions  be  carefully  checked  for  two-dlmenaionality. 
Shook  generators  which  do  not  completoly  span  the  tunnel  and  weak  shock 
Interactions  may  exhibit  serious  cross  flow  phenomena,  Ihewe  nay  explain 
some  of  the  discrepancies  in  existing  data. 

2,  Below  an  Incident  shock  pressure  ratio  of  a»1,7|  the  inter- 

action is  similar  to  Uie  Uieoreti^al  invlsold  cuss,  Tlie  incident  shook  ia 
reflected  as  a sln^’le  compressloni,  no  »epar»tion  exists,  and  the  pressure 
rise  on  the  wall  la  smooth  and  completed  in  about  two  to  three  boundaiy 
layer  thicknesaes,  " — 

WBIinYPOOR 
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3*  Ullfshtly  Abovd  «n  luciddiit  uhock  pre»aura  rutio  of  1«7> 
tha  wall  statio  praaauraa  oxhlblt  a "bu.’»p*',  bll'urcatlon  of  tha  Inoldant 
ahook  oooura»  and  tha  raflaotlon  ohuntjaa  to  a compraaslonf  axponalon, 
ooupraaflon  raglon*  Tkila  Indloataa  tha  onout  of  saporation.  Tha 
Inoldant  i^iook  praasurt  ratio  for  oaparatlon  appaara  to  ba  praotloally 
indapandant  of  Maoh  numbar  of  tha  baala  of  tha  raaulta  praaantad  harain 
and  thoaa  of  Bardalay  and  Hair  and  Pa^a  and  Sargant* 

For  inoldant  ahook  atrangtlia  abova  1*7$»  saparation  oooura 
about  two  boundaiy  layar  thioknaaaaa  froia  Uia  baginning  of  tha  intaraotlon 
at  a wall  atatlo  pjraaaura  ratio  of  A»  2*0.  Ihla  phanonana  la  Indapandant 
of  ihook  praaaura  ratio  ovar  tha  ranga  taatad. 

5*  Batwaan  Inoldant  shook  praaaura  ratios  of  1.75  to  2*30^  tha 
Intaraotlon  is  oharaotarisad  by  a aiaall  aaparatad  raglon^  and  tha  Intar* 
notion  of  tha  Inoldant  and  raflaotad  ahook  within  tha  boundary  layar* 

6«  For  Inoldant  ahooks  of  praaaura  ratios  abova  2*3»  tha 
Intaraotlon  spraada  to  nora  than  tan  boundary  layar  thloknaasaa  and 
thara  la  a larga  aaparatad  raglon*  To  tha  first  ordar,  inoraaaad  ahook 
atrangth  ohangaa  tha  aeala  of  tha  Intaraotlon  raglon  without  ohanglng  ita 
atruotura*  Tha  various  ra^on  of  tha  Intaraotlon  ara  aaparatad  aufflolantly 
for  datallad  study* 

7*  Thara  ara  oonsldarabls  dloorapanoias  batwaan  tha  data  pra- 
oantad  harain  and  thoaa  praaantad  In  Kafaranoa  10.  This  aiay  ba  dua  In 
part  to  tha  span  of  tha  wadgas  used  by  tha  lattar  Invastlgatora. 
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APPiENDU  A 

coLOii  scHLLi;>ai<  aysTiiM 

Sohli«r«n  photocr«phy  h*«  proven  to  b«  on«  of  tho  nftjor  tool*  of  tha 
•xptrlnontal  triglntar*  Althou^l^i  tho  Sdtlloron  syatom  Ic  fonsltivo  to 
donolty  erodiontOf  It  provldoa  only  « quolltotivo  pleturo.  Sqm  offorii 
havo  boon  aodo  to  got  quontitotlvo  dotoi  but  with  llttlo  ouooooo.  Om 
of  tho  drtwboeki  hoo  boon  tho  foot  that  tho  oyo  lo  not  voiy  oonoitivo  to 
tho  groy  aoalo*  For  aoourato  natohlng  of  grayo  in  difforont  parto  of  a 
olnglo  photographf  photo-olootronio  toohniquoo  auat  bo  uood* 

Zn  an  attanpt  to  got  a photograph  i^ioh  waa  oaaior  to  oxmino  in 

, I 

dotail  by  oyof  and  porhapo  ad^ablo  to  q(uantitativo  atudioo^  a oolor 
Sohlioron  oyotaa  traa  sot  up*  Iho  uto  of  oolor  Sohlioron  is  not  now  and  j 

oovoral  oolor  photographs  havo  boon  publiahod  ovor  tho  yoaro*  fb  tho 
boot  of  tho  authors'  knoidodgo,  all  thoss  pioturoo  woro  taksn  idth 

• rolatlvoly  long  oxposuros  booauso  of  tho  slownoss  of  tho  oolor  fils*  \ 

? 

Ihooo  long  oxposuroSf  whilo  produoing  tho  dosirod  colorful  pioturoo^  aado  | 

tho  Mthod  unusablo  as  a rosoaroh  tool  boouaso  of  tlio  "SMaring  out”  of  | 

tho  fino  dotail  oauood  by  slight  osoUlations*  With  tho  rathor  oonrontional 

i 

systM  usod  in  tho  prooont  invostigatlon  and  tho  spooial  flla  prooosolng  i 

I 

dosoribod  in  AftpttMx  a,  high  quality  oolor  Sohlioron  photographs  havo  ^ 

boon  takon  with  oiKposuro  tlno  of  tho  ordor  of  ono  alorooooond* 

Tho  final  photo/Taph  is  ono  in  wtiioh  a density  gradlsnt  is  distinguishod 
by  a partioular  oolor  and  tho  systoni  oan  bo  so  adjustad  to  givo  all  or  — =: 
of  tho  spootruB  for  arty  dasirud  ran/^a  of  gradlanta.  For  oxamplo»  a boundary 
layer  oan  bo  made  to  ba  saan  as  ^oin/;  fron  graan  at  tho  outor  adgO|  through 
yellow  and  oran/;a  to  rad  at  the  wall* 
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Tho  color  teehnlquo  has  boon  particularly  useful  whan  Ultra  art  strong 
iiitaraotlons  of  comprasslon  and  axpanslon  waves,  boundary  layers  and 
separated  regions.  Kor  such  canes,  Uie  oysteni  pi'ovldes  hlgl'i  sensitivity 
without  overloading  troubles. 

The  optical  apparatus  used  was  an  adaptation  of  the  oonventlonal 
two  mirror  system  (see  figure  bcilow).  Ttio  changes  consisted  o^l)  the 
use  of  a **llne'*  spectrum  of  instead  of  a point  souros  at  the  focal 
point  of  mirror  A,  and  2)  tlie  replaoenent  of  Ute  knife  edge  at  the  focal 
point  of  mirror  3 with  one  adjustable  silt  to  penult  the  seleotlor.  of 
background  color  and  sensitivity. 


The  two  spherical^  concave  loirrore,  A at4  U,  hod  a focal  len^tti  of  IjOO 
Inches  and  a diameter  of  12  inches.  Tlie  objective  lens,  D,  Is  an  aohromat 
of  9 3/4  inches  CootX  length*  This  resulted  in  an  image  ^pproxlMutely  1/10 
the  size  of  Uie  object  vfliloh  was  necessary  to  obtain  a strong  enough 
concentration  of  light  to  eN'i<oae  Uie  film. 

-V'-v 
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Ttt«  li^ht  sourco  wag  a itl^h  pr«u:.ure  upi«rk  connilgtijriir  o£  two  gtotl 
oonioal  uluotro  i«ii  ;^upar/itt3ci  by"  a luclto  »pacur.  lU'ixJjnujn  lirht  v/au  obtalnod 
by  uiinc  a 3/32"  orU'lco  in  one  olecti'ode  una  a 3/3;i!"  hole  throur.h  the 
luoite  spuoer.  The  dluohar>'«  of  a .25  oil  filled  condonsori  oliart^ed 
to  gpproxlAUitely  15  KV|  aoroou  the  above  upark  y,ave  a uaiiefaotory  film 
expoBUre  In  about  one  miorouecond.  Condenser  lonee  wuu  used  to  produce 

parallel  ll£ht  wiildi  waa  pat.iitid  through  a direct  view  prlUf  and  lens  I<2 
converged  the  lirht  to  pxoduoe  Uie  line  epootrui. 


13  KV 


direct  view  priea  line  epectrun 


L. 


The  diveri'ence  of  the  prlaa  and  tl)e  focal  lenetlt  of  lonee  1^  deter- 
mined the  spread  of  the  llriO  epectrun.  In  the  apparatus  used,  the  spread 
of  the  spectrum  \mc  approxlnately  3/4  1<  ohus.  It  uliould  not  be  felt  that 
use  of  a direct  view  prism  is  mandatory.  A regular  prism,  a constant 
deviation  prism,  or  a course  diffraction  grating  could  be  used  equally  well 
to  obtain  the  desired  line  spectrum.  Ue^tending  on  the  tunnel  sise,  density 
level,  and  phunonena  to  i>e  studied,  the  lerM;th  of  the  spectral  line  and 
< J.dth  of  the  slit  c.in  be  adjusted  to  ,^lvo  the  fuJl  unset ,*al  spread. 
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Ono«  a satlofaotory  oolor  photo^jraph  or  triinspax'onoy  hait  boun  obtalnodi 
It  Botfflo  quit*  po8«lblt  to  obtain  aomo  quantitative  data.  If  tbo  color 
traniparenoy  la  printed  on  a alncle  elieet  of  ordinary  developln/;  paper 
(black  and  white)  by  auooeaaively  expoalnc:  through  a aerlea  of  narrow  oolor 
fUtera«  a pattern  of  llnea  will  be  obtained.  Kaoh  line  la  made  by  the 
light  of  a particular  narrow  frequency  range  (color)  detemlned  by  the 
filter.  The  reaultlng  photograph  would  be  aimllar  to  an  interferogram  except 
that  ita  linea  would  be  of  conatant  gradient  rather  than  oonatant  denaity. 
in  undiaturbed  boundary  layer  or  a lenae  in  the  optical  field  could  provide 
a calibration  curve,  fheae  poeaibilitiea  are  preaently  being  inveetigated. 
They  inclttdoi  howeveri  the  aaMll  optical  dlfficultiea  of  being  integrating 
•aohinea  and  auaeptible  to  diffraction  and  non  two-diaenaionality  eirora. 

The  oorrectiona  applied  to  interferogruaa  ouat  alao  be  uaed  hero. 


I 


f 
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Sylv«tt«r  Nl({ht 

It)  Morkln^;  with  « oolor  Uotillarvn  syatamf  ona  la  iMuadiataly  oonfrontad  i 
with  tha  problara  of  ll^hti  both  aa  to  quality  mtd  quantity.  In  ita  uat  for 
Invaatlgatlni:  tha  boundaty  layar  phanomana  undar  oonaldaratloni  tha  aacpoaura. 
tl«a  auot  ba  of  tha  ordar  of  ona  to  two  utloroaaoonda.  In  ordar  to  obtain 
axpoauraa  of  thla  abort  duration^  a apark  la  tha  logical  ohoioa.  (Appendix  A) 
Although  thla  aouroa  did  not  produoa  enough  light  to  glva  a propaxdj 

axpoaad  pleturoi  It  at  laaat  waa  oloaa  enough  ao  that  further  xanlpulatlon  | 

of  tha  photographlo  phaaa  waa  able  to  produoa  tha  daalrad  raaulta*  | 

i 

Thara  are  available  aavaral  fllaa  which  can  ba  uaad  to  produoa  oe&or 
tranoparanolaa.  lhay  ara  JBctaohroae,  \naoo-Color»  and  KOdaohroaa. 

KodaohrcM  would  ba  tha  Ideal  choice  ware  it  not  for  tha  fact  that  tha 
Uluainatlon  waa  of  thraahold  value.  T)tla  would  require  apaolal  davaloplng 
taohnlquaa  idilch  could  not  aaally  ba  applied  by  tha  Kaataan  Kodak  proeaaa- 
Ing  planta.  Thla,  plua  the  d4v  would  ba  Involved  In  tha  tranaporta^  | 
tlon  of  tha  axpoaad  matarlale  to  and  from  tha  procaaaing  laboratory^  dictated  j 

I 

tha  choice  of  flctachrona  ahaata  which  could  ba  prooaaaad  laaadlataly  In 
tha  avallabla  darkroom.  Tiiia  particular  film  ahowa  a vaiy  long  acala  with 
good  gradatlona  of  oolor  and  fairly  wide  latitude. 

Tlia  film  la  available  in  both  daylight  and  Indoor  balance.  On  flrat 
aaaumption,  It  would  ouero  that  daylight  film  would  ba  tha  logical  choice 
alnca  tha  apark  aourca  used  amita  a lifht  that  la  vlaually  quite  blue  and 
approaching  dayllrht  in  ({uolity.  Actual  cxporljiiuntf  howavorj  indicated 
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that  Indoor  typt  filuii  with  its  i»rsatsr  blus  ssnsltlvltyf  gavs  ths  dsoirsd 
rsBults  without  ths  oonoomultiuit  darkening;  and  dsi^radatlon  o^  ths  bluss 
In  ths  pioturs*  this  is^  appsrsntly«  a manlfsstatlon  of  ths  rsolprooity 
law  fallurs*  0ns  would  sxpsot  ths  sffsot  to  bs  grsatsr  on  ths  panohrautlo 
ssnsitltsd  Isysr  whloh  is  ultimatsly  ths  produosr  of  ths  oyan  dys  ljugs* 

It  should  also  bs  a funotion  of  ths  oolor  of  ths  original  light  souroo* 

This  is  duo  to  ths  fact  that  ths  blus  In  ths  spsotrun  Is  sprsad  out  aors 
than  ths  othsr  oolors,  thsrsby  rsduolng  ths  intsnslty  psr  unit  arsa* 

Zn  ths  oourss  of  trying  to  Inersass  ths  ssnsltivity  of  ths  ayttoB^ 
ssvsral  systoas  wars  triad  to  Inorsass  ths  spssd  of  ths  fUa*  l^rpoi^ 
asnsitisation  with  asroury  vapor  was  ussd  along  with  Inorsassd  dovoloping 
tias«  Both  asthods  can  bs  ussd,  but  oautlon  oust  bs  sxsroissd  to  ass  that 
thay  ors  not  ovsrdons.  hypsrssnsitisatlon  produosd  ths  grsatsr  Inorsaso 
' in  spssd  but  had  to  bs  oarsfuUy  oontroUsd  sines  it  also  produosd  the 
undssirabls  result  of  dssaturatlng  ths  blacks  and  ths  eolors*  Zt  was 
found  that  hypsrssnsltisation  for  a period  of  12  hours  was  about  naxlaui 
and  even  for  suoh  a short  period  there  was  narked  dssaturation  present* 

Much  longer  periods  in  ths  asroury  vapor  gave  results  that  were  entirely 
unusabls.  o 

Longer  developing  tlass,  inttis  long  run,  proved  to  bs  ths  noat  profit* 
abls  course  to  follow*  In  normal  usage,  JUctachroas  film  oon  bs  developed 
In  about  an  hour.  The  first  step  would  bs  to  develop  in  ths  first  dsvsl- 
opsr  for  about  ten  minutes*  This  results  in  a black  and  white  negative 
image*  Ttie  flLu  is  t/icti  rinsed  and  placed  in  the  hardener  batli  for  three 


to  ton  minutos.  Altar  thraa  minutoa  in  tha  hardanari  wiiich  also  aota 
aa  a atopbathi  tha  room  ll/;hta  om  bo  turnad  oiu  Tha  balanoa  of  tha  pro- 
oadura  la  than  oarriad  on  under  l\ill  Illumination.  Tha  flLn,  at  thla 
point,  la  axpoaad  to  tha  ll(!;ht  of  a photoflood  lamp  for  fiva  aaoonda  par 
alda  at  a dlatanoa  of  ona  foot.  Thla  la  to  oomplataly  axpoaa  any  ranaln- 
ixig  undavalopad  allvar  hallda  In  Uta  thraa  loyara.  Rraa  thla  point  tha 
oolor  davaloplng  la  oontlnuad  aa  par  Inatruotlona. 

With  tha  apark  and  optical  aat-up  uaad,  firat  davalopar  tiaaa  had  to 
ba  Inoraaaad  to  tha  ordar  of  13  to  21  minutoa.  TLuaa  of  thla  ordar  did 

not  appraolably  altar  the  oolor  balanoa  of  tha  plotura  and  nalntalnad  good 
background  aaturatlon.  Thla  waa  Uia  only  tlma  that  had  to  ba  ohangad, 
alnoa  tha  Inoraaaad  davalopln^{  at  thla  ataga  raaultad  In  Inoraaaad  oontraat 
danaity  of  tha  original  nagatlva  imai'a.  Thla  gava  a poaitiva  which  waa 
lighter  and  more  noraal  In  appaaranoa.  If  atill  more  inoreaae  In  apaod 
wara  naoaaaary,  it  would  be  poaalbla  to  daoreaaa  tha  tiua  of  tha  ravaraal 
axpoaura  and  oontlnua  tha  prooefFaing  In  tha  dark.  The  reault  of  thla  would 
ba  to  giro  a fairly  nomal  appearing  poaitiva  daapita  tha  vary  weak  nagativa 
image  on  tha  fUai.  It  wee  felt,  however,  that  alnoa  perfect  raaulta  oould 
ba  obtained  naraly  by  inoraaalng  development  tljaa  all^^lttly,  any  reaultlng 
benefit  from  deoreaalng  re-expoaura  time  would  ba  more  than  offaat  by  tha 

dlffloulty  of  maintaining  proper  temperaturea  and  manipulating  fUma  In 
the  dork. 

The  films  were  all  developed  in  a truy  by  slmffling  constantly  in 

o 

all  of  the  solutions.  During  the  development  procedure,  ouch  film  was 
lifted  complotoly  out  of  the  developinr  solution  in  order  to  ponnit  aerial 
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oxidfttlon  «aoh  tlia«  it  wu«  itandl«cl«  Thitt  ruitulted  in  an  appreoiabla  Incraaaa 
In  danalty  (in  tJio  na^^itiva  ituo^a)  without  a corre«pondln(i;ly  graat  inoraaaa 
in  davaloplng  tima. 

It  altouXd  ba  mantionad  in  pauain^  that  ona  will  anoountar  quit#  a 
bit  a variation  In  producing  oolor  picturaa  for  aavaral  raaaona*  Flratf 
odor  flln  la  not  eonatant  in  raaponaa  fron  ona  batch  to  anothor*  It 
would  bo  advantagooua  to  purohaao  onough  filn  of  tho  samo  anulalon  miabor 
to  ooaqiloto  a aorlaa  of  photographo.  Jaoondlyj  tha  apark  doaa  not  ddlvar 
a oonatant  output  froai  day  to  day  or  fro*  plotura  to  ploturo  duo  partly 
to  ataoapharlo  oonditlona*  Tha  variatlona  within  a partloular  aaqfuanoa 
ara  uaually  not  groat  anough  to  ruin  tha  oat.  Thla  Inatablllty  of  tha 
apaik  la  aooantuatad  by  Inortaolng  tha  davaloplng  tl«a«  wbloh  ralaaa  tha 
f^.po  of  tha  flla'a  oharaotarlatlo  ourva*  fbr  thaaa  raaaona.  It  waa 
found  oonvanlant  to  aaka  aavaral  dumy  ploturaa  lif^t  aftar  tha  ragular 
aorlaa  waa  oaaplotad.  Thaaa  <huniaa  wara  davdopad  for  varying  tiaaa  and 
froB  thaaa  raaultOf  tha  boat  tliaa  waa  datominad  for  tha  davdoplng  of 
tha  taat  aat.  With  a good  dad  of  axparlanoa,  a aklUad  oparator  night 
ba  abla  to  judga  propar  tlalng  from  tha  danalty  of  tha  nagatlva  laaga 
Juat  bafora  ra-axpoaura.  tloWavar,  tha  dateminatlon  of  find  odor 
bdanoa  oannot  ba  aada  thla  way,  Onoa  a aatlafaotoiy  blaok  and  whlta 
nagatlva  haa  baan  obtained,  tha  r«wilndar  of  tha  oolor  davaloplng  prooad- 
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rigurt  3 Sktioh  of  Intoroetlon  and  Wall  Static  Frassura 
Olftribution  for  Marrow  Wadga 


Figure 


09 


.09 

0 


Fifttr*  5 


1/2  0 1/2 
INCHES 


Wfur*  6 SfuwiM  Stjtio  Prttpur*  Ditiribuilon  for  Soytrol 
Shook  Foaltlono  for  Full  Span  Wadga 
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Plvur#  Irt  Optical  3tudl«a  of  tha  Intoractlon  of  Varying 

Stranrtth  Shock  Wavea  with  Turbulant  Uoundaiy  Layer 
Sclillaran  Photographs  (Horlsontal  Cut-off) 
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Figur*  Id  Continued  Sehliertn  Fhotographe  (Horlsonial  Cut-off) 
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Plfur*  19  Colored  3chli«r«n  Photograph  of  Intaraetion  for 
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Vlfur*  23  SkHcb  of  In^oroetien  Rogion  wiib  ?U7iag  strongtli  aboelw 
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